Abstract The water footprint (WF) of national wheat production has been previously estimated for the whole world in global-scale studies. These studies used assumptions which must be assessed and evaluated by estimates from national or regional studies. Here, previous estimates of different components (green, blue, gray and white) of WF of national wheat production in Iran were compared to the national-scale estimates. A new component (white WF) was proposed to account for the irrigation losses. Different components of the wheat WF were estimated for 236 plains over fifteen major wheat producing provinces. Then, the average values of each province were estimated. Finally, the weighted average values of each WF component were estimated by using the shares of irrigated and rainfed productions as weighting factors. The average total WF for irrigated areas and between all selected provinces is about 3,188 m 3 /ton with comparable shares of blue and green water, while the average total WF for rainfed areas is about 3,071 m 3 /ton with the share of the green WF nine times that of the gray WF. The results show that the total national WF of wheat production for the period 2006-2012 is about 42,143 million cubic meters (MCM) per year (41 % green, 18 % blue, 16 % gray and 25 % white) with the share of the green WF about 2.3 times the blue WF. Comparison of the obtained estimates with the results of the previous studies at a global scale revealed that estimating the WFs of crops at a global scale, ignores the variations of climatic conditions, water resources availability and crop yields at the national and regional levels and some of the assumptions made in global-scale studies must be reassessed.
Materials and Methods
In this study, the national green, blue, gray and white water footprint of wheat production were estimated following the calculation framework of Hoekstra and Chapagain (2008) and Hoekstra et al. (2009) with a few modifications. The estimations of crop ET and irrigation requirements under non-standard conditions have been done following the method and assumptions provided by Allen et al. (1998) . The irrigation requirements and effective rainfall were estimated using the AGWAT model (IRIMO 2001) . AGWAT is designed for the estimation of crop irrigation requirements under standard and non-standard conditions (Allen et al. 1998) . The model was applied at a plain scale using the input data available in the model database. Irrigation was triggered whenever the root zone moisture depletion reached 50 % of the total moisture available and filled the root zone moisture content back to the field capacity. Since the AGWAT calculates the gross irrigation requirements (GI Irr ) for each 10-day period, the net irrigation requirements (IR Irr ) were first calculated by considering irrigation efficiency (IE Irr ) of each plain. Then, total effective precipitation (P eff ) was calculated as the difference between total actual crop evapotranspiration (ET c. ) and the total net irrigation requirements (IR Irr ). After that, the green and blue crop water uses (CWU) were estimated by the following equations: where: Irr and RF refer to irrigated and rainfed conditions, respectively; and 10 is the conversion factor from mm to m 3 /ha. The green (WF Green ) and blue (WF Blue ) water footprints (m 3 /ton) are calculated by dividing the green and blue CWU (m 3 /ha), respectively, by the actual crop yield (ton/ha). Since the yields are different under irrigated and rainfed conditions, the calculation of WF components were done with the respective actual yields under each condition. All WF components were estimated for all the plains (except for the provinces with more than 30 plains) in fifteen major wheat producing provinces (Table 1) which produce more than 86 % of national wheat productions. For provinces with more than 30 plains, the plains with unique combinations of planting date and representative climatic stations were chosen. Irrigated and rainfed yields were obtained from Agricultural-Jihad Ministry (AJM) for the period 2006-2012 at a provincial scale.
Another component of the wheat production WF is the volume of water required to assimilate the fertilizers leached in runoff (gray WF). In this study, the gray water footprint (WF gray ) related to nitrogen application was only estimated to make the results comparable to those from studies on a global scale. The WF gray of wheat (m 3 /ton) is calculated by the following equations:
As the main purpose of this study was to compare the national and global estimates of WF components, the α values were assumed to be equal to the values applied by Chapagain et al. (2006) and Hoekstra et al. (2011) ., i.e. on the average 10 % and 5 % for the applied nitrogen fertilizer under irrigated and rainfed conditions, respectively. Also, the maximum value (C Max ) of nitrate in surface and ground water is recommended at 50 mg/L nitrate (NO3) or 10 mg/L as nitrate-nitrogen (NO3-N) by the World Health Organization and USEPA, respectively. In this study, the USEPA standard was considered (Chapagain et al. 2006) . The natural nitrogen concentrations (C Nat ) were assumed to be zero.
Moreover, the irrigation loss (m 3 /ha) was considered as a part of wheat WF and was named as "white water footprint":
The green, blue, gray and white WFs of wheat production for each province were estimated by taking the average WF (m 3 /ton) over the respective plains. Finally, the national WF components of wheat production were estimated by taking the average of each component over all the provinces weighted by the share of each province in the whole wheat production of the selected provinces, according to the data obtained from AJM.
After estimating the WF components (m 3 /ton) for each selected provinces, the total volumes of each component in each province and the national volumes of each component were calculated as the weighted average of the WFs under irrigated and rainfed conditions, using following equations:
where: i: province index; x: green, blue, gray or white; y: Irr (irrigated) or RF (rainfed); Prod: wheat production (Mton); WFV: the total volumes of each WF components (million cubic meters, MCM); AWF: the average values of each WF component (m 3 /ton); β: the share of irrigated wheat production in the whole country (0.677); WAWF: the weighted average values of each WF component (m 3 /ton); TotProd: total wheat production (Mton); and NWF: the total national volumes of each WF components (MCM).
Results
Data on wheat production and nitrogen application rates (NARs) in fifteen major producing provinces is shown in Tables 1 and 2 , respectively. In 2006-2012, more than 67 % of the national wheat production was irrigated and 32.3 % was rainfed, on the average, while 37.9 % was irrigated and 62.1 % was rainfed from more than 6,568 Kha of wheat cultivated lands.
Different components of wheat WF were estimated for 236 plains over fifteen selected provinces (Table 3 (Table 4) . Table 5 As it can be seen, Mekonnen and Hoekstra (2010) estimated the green, blue and gray components of wheat production in Iran equal to 2,412, 988 and 290 m 3 /ton, respectively. Here, the estimates of these components are revised to 1,328, 571 and 525 m 3 /ton, respectively. The total national WF (NWF) of wheat production for the period 2006-2012 is estimated at 42,143 MCM/year (41 % green, 18 % blue, 16 % gray and 25 % white). About 86.3 % of the total NWF related to wheat production is related to these fifteen provinces (Fig. 3) . Fars (13.2 %), Khorasan (11.9 %) and Khuzestan (9.8 %) constitute 34.9 % of the total NWF related to the wheat production. In irrigated areas, these three provinces constitute 14.5 %, 50.4 %, 43.0 % and 52.1 % of the total green, blue, gray and white WFs related to the wheat production, respectively. In rainfed areas, the largest green WFs can be found in Kurdistan (9.2 %), Kermanshah (6.6 %) and Zanjan (5.7 %). While the largest gray WFs are related to Tehran (2.4 %), Hamadan (2.1 %) and Kurdistan (2 %).
When consumptive water use (blue plus green WFs) is only considered, the WFs of wheat from rainfed and irrigated land are nearly equal. Similar conclusion was reached by Mekonnen and Hoekstra (2010) . Although yields are considerably higher in irrigated areas, crop evapotranspiration (ET c. ) is higher in these areas as well. In rainfed areas, the ET c. over the growing period is lower than the potential evapotranspiration (ET p ), while under irrigated conditions there is more water available to meet crop water requirements, leading to an ET c. near or equal to ET p . Table 3 Water footprint components of wheat production for the major wheat producing provinces 
Discussion
The results of the current study with respect to the total national WF of wheat production can be compared to three previous global studies: the studies by Mekonnen and Hoekstra (2010) , Liu et al. (2007) and Chapagain and Hoekstra (2004) . The two latter studies did not take a grid-based approach and also did not make the green-blue distinction. The estimate of the total water footprint (blue + green) by Liu et al. (2007) , 1,776 m /ton) based on the simulated yields, whereas the actual yields were used in the present study. For estimating daily reference ET in this study, long-term monthly average reference ET values from the nearest climatic stations were used, while Chapagain and Hoekstra (2004) obtained the climatic data from the on-line database of the Tyndall Centre for Climate Change and Research (Mitchell and Jones 2005) . As there are considerable spatial variations among the studied plains and provinces, the average data at a national scale could result in biased estimates of WF components. Mekonnen and Hoekstra (2010) estimated the green, blue and gray WFs at 2,412, 988 and 290 m 3 /ton, compared to our estimates of 1,328, 571 and 525 m 3 /ton, respectively. Their estimated green and blue components are 82 % and 73 % higher and the gray component 45 % lower than our estimates. They used a grid-based dynamic water balance model to calculate CWU and yield over time, while in the current study, the actual average yields at a provincial scale were combined with a calibrated model (AGWAT) for estimating the irrigation requirements. Of course, this is not the main cause for these differences. It is believed that Mekonnen and Hoekstra (2010) estimated the weighted values of different WF (WAWF) components in a questionable way. Mekonnen and Hoekstra (2010) proposed an equation similar to equation (11) which used the irrigated and rainfed fraction of wheat area in each grid cell as the weighting factors, while the WAWFs are related to the relative productions of these areas, not their shares of cultivated areas. Another reason for these differences is that Mekonnen and Hoekstra (2010) used wheat crop coefficients, planting dates and lengths of cropping season from the studies of Chapagain and Hoekstra (2004) , Sacks et al. (2009) and Portmann et al. (2008) . All these studies presumed the same values for the whole cultivated areas, while, our Table 5 The total volumes of each WF components for the major wheat producing provinces estimates seem more accurate than those of Mekonnen and Hoekstra (2010) . The coefficients of variations (CV) of ET c. , IR and P eff between selected provinces are 13 %, 22 % and 13 %, respectively, which indicate considerable variations across the country and the need for using smaller assessment scales. With respect to the gray WF, Mekonnen and Hoekstra (2010) used a country-specific NAR value. Instead, the average values at a provincial scale obtained from AJM were used here. It is rational to consider the provincial data more accurate than the estimates at a national or global scale. A variety of assumptions about input data and modeling of yield have an influence on the green WF estimate (Mekonnen and Hoekstra 2010) . The blue WF estimate depends also on actual irrigation data. In regional studies, it is generally less time-consuming to find better estimates for various parameters than in national studies, and it is easier to validate the models for local conditions and reduce uncertainties.
Conclusions
A simplified approach was applied to estimate the white WF component. The rough estimates about maximum acceptable concentration of nitrogen in the receiving water bodies can be improved by using more sophisticated models. Results revealed that estimating WFs of crops at a global scale and estimating international virtual water flows based on those estimates, ignores the variations of climatic conditions, water resources availability and crop yields at the national and regional levels. Therefore, estimation of WF at the plain scale is proposed. This approach is able to determine where the WF of wheat production is originally located.
It was found that the green WF related to the national wheat production in Iran is about 2.3 times the blue WF, confirming the importance of green water in wheat production. Green water generally has a lower opportunity cost compared to blue water (Mekonnen and Hoekstra 2010) . Since wheat has relatively low economic water productivity as compared to many other crops (Molden 2007) , the question "to which extent should water be allocated to wheat production in a water-scarce basin?" must be answered. The relatively low yields in rainfed areas show that there are still opportunities to lower the green WF. Increasing production from rainfed areas will reduce the need for production from irrigated lands in water-scarce areas, and thus reduce blue water use. The gray WF in wheat production can generally be lowered substantially by precision farming, so that less fertilizers leach to groundwater or end to surface water through runoff (Jenkinson 2001; Norse 2005) .
It was revealed that some of the assumptions made in previous global scale studies can lead to biased estimates of total volumes of wheat production water footprint. The authors admit that the accuracy of these results is subject to the quality of the input data. All similar studies suffer from the same sorts of limitations and handle these limitations in different ways. In future studies, it would be essential to study the sensitivity of the results to the initial assumptions and assessing the existing uncertainties in the final results.
